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The present invention relates to an anaesthesia 
control system and a method for calculating an index 
representative of the depth of anaesthesia. The 
invention is applicable in particular, though not 
exclusively, to a system and method for providing closed- 
loop anaesthesia control such as will safely maintain a 
patient in an unconscious state without requiring human 
intervention. 

Conventional anaesthesia systems require an 
anaesthetist to manually control the anaesthetic dose 
given to a patient in dependence upon displayed vital 
signs, e.g. heart rate and blood pressure, and upon the 
visually observable reaction of the patient. However, 
when a patient is paralysed and ventilated these vital 
signs are not completely reliable as indicators of 
anaesthesia depth and there have been reports of patients 
being awake during an operation despite their vital signs 
being within normal limits. 

In an attempt to eliminate or reduce the possibility 
for error in the dosage of an anaesthetic, research has * 
been carried out into providing a more reliable 
indication of anaesthesia depth and, in particular, a 
more direct index of anaesthesia depth. Almost all 
proposals have relied upon the analysis of cerebral 
electrical activity and more particularly of recorded 
elect roencephalographic (EEG) signals. 

The cerebral function analysis monitor (CFAM) [ see 
Sebel PS, Maynard DE, Major E, Frank H, -The Cebrei 
Function Analysis Monitor (CFAM J : A New Microprocessor- 
based Device for the On-line Analysis of the EEG and 
Evoked Potentials", BR J Anaesth 1983; 5S : 1265-1270] is 
a commercially available system which provides a 
quantitative indication of anaesthetic depth. The CFAM 
system functions by analysing the spectrum of recorded 
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the patient, and providing a signal corresponding to the 
coarseness of the monitored AEP signal, and using said 
signal as said index indicative of anaesthetic depth 

^ has been found that the coarseness of the A£=> 
signal provides a good indication of anaesthesia depth 

a?L LT s r s£ of the si9nai bei ^ f °- d - *™ 

as the depth of anaesthetic increases. 

The term 'coarseness' is used here to means a 
combined measure of the amplitude and frequency of the 
monitored AEP signal i.e. a measure of the curvature o* 
the sxgnal. Typically, a high coarseness equates to a" 
signal having large amplitude and high frequency whilst a 
low coarseness equates to a signal having low amplitude 
ana low frequency. Intermediate -coarseness' nay be a" 
low amplitude/high frequency or a high amplitude/low 
rrequency. it will be appreciated that it is difficult 
to give an absolute specification or definition of 
coarseness; coarseness is a relative measurement of a 
time varying signal which varies in amplitude and in 
frequency. The term coarseness is used to define . 
parameter which can be readily used in the implementation 
or tne method and apparatus in the clinical environment 
m a preferred embodiment of the present invention 
^ monitored or raw AEP signal is divided into a series 
of sweeps or frames of a given duration, each sweep being 
synchronised with the repetitive audio stimulus, a 
number of sweeps „ are recorded in sequence and ar~ 
averaged to produce a time averaged sweep. For the time 



u — ^w^cp. r or cne 

averaged sweep the anaesthesia index is calculated. Each 
time a new series of sweeps is recorded, a new time 
averaged sweep is determined from the most recen^ „ 



, .uw^i. i scene n 

sweeps and the anaesthesia index for that tin* averaged 
sweep calculated, rn this way the anaesthesia index i, 
constantly updated. 

Where che method involves the use of a dioitai 
computer, uhe raw AEP signal is sampled at regular 
intervals to produce a digitised AEP signal, a preferred 
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method of obtaining said indication of coarseness is to 
obtain a measure of the differences between neighbouring 
sampxe points. i„ the case where a moving time averaged 
sweep is obtained, this measure may be a function of the 
sum of the square roots of the difference between every 
two adjacent sample points in the time averaged sweep. 

According r_o a second aspect of the present 
invention there is provided a method of maintaining 
closed-loop control of anaesthesia depth, the method 
comprising supplying a dosage of anaesthetic to a 
patient, calculating an anaesthetic depth index according 
to the above first:, aspect of the present invention, and 
usi.ng the value of the anaesthetic depth index to 
regulate the anaesthetic supply to maintain the 
anaesthesia depth index at or near a predetermined level 

According to a third aspect of the present invention 
there is provided a system for calculating an index of 
anaesthetic depth, the system comprising a signal 
generator for subjecting a patient to a repetitive audio 
stimulus, electroencephalograph^ CEEG) recording means 
tor coupling to said patient for recording auditory 
evoked potential (AEP) 3 i gna i from the patient, and 
computer means for receiving said AEP signal, and for 
processing said AEP signals and generating an index 
signal indicative of the coarseness of the recorded AEP 
signal, said index signal being representative of the 
depth of anaesthesia. 

According to a fourth aspect of the present 
invention there is provided an anaesthetic supply control 
system including a system for calculating an index of 
anaesthetic depth according to the above third aspect of 
the present invention for a patient, and anaesthetic 
supply means including a regulator for regulating the 
supply of anaesthetic to the patient to maintain the 
anaesthetic depth index at a predetermined level. 

The present invention is particularly applicable to 
anaesthesia systems which use a liquid anaesthetic, such 
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as propofol, the dosage of which can be very accurately 
regulated . 

For a better understanding of the present invention 
and xn order to show how the same may be carried into 
effect reference will now be made, by way of example, to 
the accompanying drawings in which: 

Fig. 1 shows schematically an embodiment of an 
anaesthesia control system according to the present 
invention,- 

Fig. 2 is a block diagram of the EEG amplifier of 
the system of Fig. i ; 

Fig. 3 shows a detailed circuit diagram for the ESG 
amplifier of Fig. 2,- 

Fig- 4 illustrates schematically the collection o* 
256 consecutive AEP frames using the system of Fig. lf 

Fig. 5 illustrates a schematically moving time 
averaged frame obtained from the 256 consecutive frames 
Of Fig. 4; 

Fig. 5 shows the general organisation of software 
used to control a microprocessor of the system of Fig. i; 

Fig. 7 is a flcw charc of a bacfcground cask of the ' 
software of Fig. e, and 

Fig. 3 is a flow chart of a foreground task of t*e 
software Fig. $. 

There is shown in Fig. i an anaesthesia control 
system for maintaining a patient i in an unconscious 
state whilst the patient undergoes surgery. The patient 
1 wears a pair of earphones 2 which are driven by a 
signal generator 3 to sound -licks- of lens duration at a 
frequency of 6.9Kz to both the patient's ears The 
amplitude level of the clicks is maintained at 70dB above 
normal hearing level. it is weU known in the field of 
neurophysiology that such repetitive clicks sounded in 
the ears of a patient will produce distinctive 
potentials, known as auditory evoked potentials (AFP), in 
the electroencephalographs (ESG) response of the 
patient. [See Kenny GN, Davies FW. Kantzaridis H 
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"Transition between consciousness and unconsciousness 
during anesthesia". Anesthesiology 1993,- 79: A33G and 
Kenny GN, Davies FW, Mantzaridis H, Fisher AC. "Closed- 
loop control of anesthesia". Anesthesiology 1992; 77: 
A328] . 

A liquid anaesthetic, for example propofoi, is 
supplied intravenously to the patient through a tube 4 
from a pump 5. The pump is of a known type .e.g. Ohmeda 
900C T * syringe pump) which is controlled to accurately 
regulate the anaesthetic dose given to the patient. A 
controller 7 is arranged to process AEP signals for the 
purpose of generating an anaesthetic depth index for 
display on a controller display 7 a . The anaesthetist 
uses the displayed index to control the pump s. 

The controller 7 receives an analogue input signal 
from an EEG amplifier 8 which is shown in greater detail 
in Fig. 2. The EEG amplifier 8 comprises at its input a 
medical grade preamplifier 9 the output of which is fad 
co a main amplifier 10. Power is supplied to the EEG 
amplifier components from a power supply 12. The main 
requirements of the EEG amplifier 8 are: 

1) A very high common mode rejection ratio CCMRR? , 
typically in excess of liodB. even whsn the electrode 
impedances are not matched; 

2) A frequency response in the range 1 to 300Hz; 

3 5 The amplifier should be portable with small physical 
dimensions; 

4) The system should be suitable for theatra use, i.e. 
with shielded or guarded leads, appropriate patient 
isolation, immunity to diathermy and other sources of 
interference. 

Fig. 3 shows in greater detail the circuitry 
comprising the EEG amplifier 8. The preamplifier 9 is 
provided by an IA 297 medical grade isolation amplifier 
ilntronics. USA) which provides full patient protection 
from leakage currents and amplifier fault currents. This 
applies to both input protection and input /output 
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isolation currents. The ia 297 is an ultra low noise 
true medical isolation amplifier which can operate at 
common mode input voltages of up to 5000V DC* continuous. 
The common mode rejection ratio (CMRR) ia 170d3 with a 
balanced source impedance and 160dB with a 5K0 source 
imbalance. The input noise voltage of the preamplifier 
is 0.3/iV <lOHz to 1kHz rms) and the current noise is 4dA 
(0.05Hz to 1kHz rms). The input bias current is 200pA 
and is limited to io^a in the event of failure of any 
component. The frequency response of the preamplifier is 
from DC to lOKKz and the overload recovery time is 20ms. 
The IA 2 37 provides an overall gain of xlO. 

The output from the preamplifier Ul is filtered by 
the high-pass filter network Cl-RX which provides a -3dB 
cut-off point at 0.9Hz. The filtered signal is then 
amplified by two identical amplification stages 10a. 10b 
arranged in series. Each amplification stage 10a, 10b is 
based around an operational amplifier (0P77) which offers 
exceptional gain linearity with an equivalent input noise 
of lQnV/Vfe. The gain of each amplification stage 
10a. 10b is x94 to give an overall amplifier gain'at the 
output of the second amplification stage of 88360 (.10 x 
94 x 94) . 

The output from the second amplification stage 10b 
is supplied to a digital attenuator comprising a 12 bit 
digital-to-analogue converter 14 based on TC3 which is a 
DAC 1220 has a linearity error of 0.05% fullscale. This 
error is substantially independent of the voltage 
reference. The output from the attenuator is supplied to 
a wide bandwidth JFET operational amplifier UC4) as, 
which has an input bias current of 50pA and an equivalent 
input noise of 2SnvMiz and which acts as a buffer 
amplifier having a gain of xl. 

The output stage of the EEG amplifier 8 consists of 
a further xl gain amplifier 18 (ICS) which allows a DC 
offset to be introduced to the amplified signal. This 
offset simplifies the connection to subsequent unipolar 
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analogue to digital converters. 

At intermediate points in the EEG amplifier 8 the 
signal is filtered by three low-pass first order filters 
CC2-R3, C3-R5 and CS-R9) which each have a ~3dB cut-off 
point at 219Hz. 

All of the resistors used in the EES amolifier 8 ar« 
precision metal film resistors with a 0.1% tolerance and 
a temperature coefficient of ± i5p P m/°C.. The polarised 
capacitors of the amplifier 8 are solid tantalum and the 
non -polarised capacitors are metallised polycarbonate 
film with 5% tolerance and a temperature coefficient of 
±S0ppm/«C. ceramic bypass capacitors are used to reduce 
instabilities caused by transients in the power suoplv 
lines. 

The power supply un it for the EEG amplifier is of a 
conventional linear AC/ DC design which provides high 
stability, low noise outputs of + 1SV, ±9V and + 5V for the 
various stages of the amplifier. It also offers 50C0V 
isolation between its primary and secondary coils. Power 
supplies having these characteristics are commercially 
available from, for example, 'RS<, < Amp 1 icon • . or 'Tandy' 
(all THs) . 

The EEG amplifier 8 is situated as close as possible 
to the head of the patient and is coupled to three 
electrodes 20 attached to the patient's head. A first 
electrode 20a is placed on the right forehead (+> , a 
second electrode 20b is placed on the right mastoid {-», 
and the third electrode 20c is placed on the middle of ' 
the forehead (reference* . rt has been found that 
standard disposable ECG electrodes (for example H-00-S by 
Medicctest) provide acceptable results provided that the 
patient's skin is carefully cleaned with alcohol swabs" 
prior to attaching the electrodes with electrode jelly. 

There are two very important reasons for ensurina 
that the electrode/skin impedances of the electrodes are 
as low as possible. Firstly, thermal or Johnson noise is 
generated by the electrode/skin resistance and is 
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proportional to the square root of the resistance. 
Secondly, the CMRR i 3 reduced significantly if the 
electrodes have imbalanced impedances. The balancing of 
the impedances is easier to achieve if the impedances are 
-as low as possible. 

More recently, a new type of electrode, known as 
"Zipprep" TM (produced by Aspect Medical Systems), has 
become available. These electrodes achieve very low 
impedances with minimal skin preparation and are suitable 
for use with the system described herein. 

With reference to Fig. i, the controller 7 is used 
to trigger the signal generator 3 to sound repeated 
clicks in the patient's right ear. Synchronisation of 
the signal generator is important in ensuring that the 
anaesthesia index, calculated as described hereinbelow, is 
as reliable as possible. 

The physical construction of the microprocessor 
based controller 7 „ui not be set out in detail here as 
it is a standard design. Indeed, whilst it may be 
preferable to design a purpose built controller in order 
to achieve a mere portable and cost efficient design, the 
controller is readily implemented by a standard desktop 
or notebook personal computer. 

Before describing che structure of the control 
program, the method used to calculate an index of 
anaesthesia depth will now be described. 

In order to calculate the anaesthetic depth index, a 
recorded EEG signal is sampled at a rate of 1.7KH2 by a 
12 bit analogue to digital converter (PCM-DAS06, Computer 
Boards Inc. MA., U.S.A.) and was processed in realtime bv 
the computer. These samples are buffered in "sweeps- of 
2 56 samples such that each sweep extends over a duration 
of 144ms. Auditory evoked potentials were produced by 
averaging these sweeps. As illustrated in Fig. 4, a 
memory table of the controller 7 is created to store 256 
consecutive sweeps. When a first group of 256 sweeos 
have been recorded, an averaged ASP curve or sweep is 
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generaced by averaging the 256 sweeps, i, e . by averaging 
the recorded 255 samples in each column of the memory 
table as illustrated in Fig. 5. 

Each time a new 256 sample sweep is recorded, the 
memory table shown in Figs. 4 and 5 is updated by 
discarding the sweep at the top of the table i.e. sweep 
1, and adding the new sweep to bottom of the table, i.e. 
as new sweep 256. A new time averaged sweep is then 
generated so that over a period of time a sequence of 
moving time averaged sweeps are created. This technique 
allows a faster response of the system to changes in the 
AEP signals. 

A common source of error in AEP signals is due to 
artefacts which arise mainly from patient or electrode 
movement and the use of diathermy during surgery. Each 
newly recorded sweep is therefore examined to see if the 
signal amplitude at any point in the sweep exceeds a 
preset limit, if this limit is exceeded, the sweep is 
rejected and is not added to the table of Fig. 4. 
Typically, several subsequent sweeps (for example seven) 
following a sweep detected as containing an artifact are 
rejected before sweeps are once again added to the table 
of Figs. 4 and 5. in order to further enhance the time 
averaged sweeps, these sweeps are filtered by a digital 
low-pass finite impulse response (FIR) filter. The 
frequency response of this filter is 0-0.04 9 of the 
Nyquist interval. The filter is a 35 point filter" (18 
coefficients} having a raised cosine window. 

The FIR filter is described by the difference 
equation: 

y{n) = £ b^xia-k) 

Where x(n) is the input to the filter, y in) is the 
output. M is the number of coefficients (in this case 
35), and b* are the coefficients. 

FIR filters have a number of advantages including 



SUBSTITUTE SHEET (RULE 26) 



WO 98/10701 



PCT/GB97/02435 



their linear phase response and their high level o£ 
stability which results from the absence of feedback 

Once a moving time averaged and filtered frame has 
oeen obtaxned as described above, xt is possible to 
calcuxace an index of anaesthesia depth. it has been 
observed chat when patients lose consciousness, the 
amplitudes of most AEP peaks are reduced and theiv 
latencies are generally also increased. These changes 
occur almost simultaneously, and in the same direction 
with all patients. A suitable index therefore is one 
whxch reflects these changes. 

An empirical algorithm has been developed for 
caiculatxng such an index and is based upon the sum of 
the square roots of the difference between every two 
successive points in the moving time averaged swe-p 
Thxs auditcry evoked potential index is given by the 
fallowing equation: 

ass 

Where x, to x JM are the sample points of the time 
averaged frame and k is a scaling constant' equal to 0.25 

The AEP index is calculated for every filtered time 
averaged sweep and a plot of the index against time 
be generated by the controller 7 for display on the 
controller display 7a. When the patient is awake the 
index is typically in the range 80 to 90 whereas during 
anaesthesia it is typically in the range 35 to 40. when 
the patxent recovers consciousness, the index usuallv 
returns to a value slightly lower than the value 
xmmediately prior to anaesthesia. 

Fig. 6 shows in general terms the organisation of 
the controller software which implements the algorithm 
described above for caiculatxng the AEP index as a 

measure of anaesthetic depth The oraer-am h = „ 

r*"- 1Iie pj-ogram nas a muiti- 
taskxng organisation with a foreground task and a 
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background task running parallel to one another. These 
tasks are completely independent and communicate through 
"semaphores". The foreground task acts as an interface 
between the user and the background task causing the 
background task to initialise, start and stop. 

Fig. 7 shows in more detail the msthodology of the 
background task. The recorded EEG signal is received by 
an analogue to digital converter of the controller (not 
shown) which, for sweeps consisting of 256 samples and 
with a duration of 144ms, generates hardware interrupts 
at a rate of 1.78KH2. These hardware interrupts cause 
the background task to read the data currently on the 
output of the ADC. m one cycle of the background task, 
from -start" to -end", a new single sample point is added 
to the memory table. if an artefact is detected as being 
present in a given sweep, that sweep is discarded. At 
the beginning of each new sweep, a further click is 
generated in order to ensure correct synchronisation of 
the subsequently generated sweep with the click. When 
the last point in each sweep is obtained, a new moving 
time averaged frame is calculated. 

Fig. 3 shows the general structure of the foreground 
task which interfaces the user to the background task. 
Once the foreground task is initialised, and has 
initialised and started the background task, it obtains 
the most recently generated time averaged AEP sweep from 
the background task. This AEP sweep is filtered using 
the FIR filter described above and the anaesthesia depth 
index calculated as discussed. The index is displayed on 
the controller display 7a for viewing by the 
anaesthetist . 

It will be appreciated by the skilled person that 
various modifications may be made to the above described 
embodiment without departing from the scope of the 
invention. In particular the system may be made into a 
closed loop anaesthesia control system by providing a 
control output, corresponding to the determined 



SUBSTITUTE SHEET (RULE 26) 



WO 98/16701 



PCT/GB97/92435 



-13- 

anaesthetic depth index, from the controller 7 to the 
pump 5. Thus is indicated in Pig. i by the dotted line 

The system has been used clinically and is the 
subject of several studies : "Relationship between 
calculated blood concentration of propofol and 
electrophysiological variables during emergence from 
anaesthesia: comparison of bispectral index, spectral 
edge frequency, median frequency and auditory evoked 
potential index- : M. Doi, R.J . Gajraj, H. Mantzaridis and 
O.W.C. Kenny, British Journal of Anaesthesia, February 
1997, Vol 78, No 2, pl80-184: and "Effects of 
Cardiopulmonary Bypass and Hypothermia on 
Electroencephalograph^ Variables" : M. Doi, r.j. Gairaj, 
H, Mantzaridis, and G.N.c, Kenny, (Accepted for 
Publication in 'Anaesthesia') [See Appendix 1] , "Analysis 
of the EEC bispectrum, auditory evoked potentials and the 
EEC power spectrum during repeated transitions from 
consciousness to unconsciousness"; R.J. Gajraj, M. Doi, 
K. Mantzaridis and G.N.C. Kenny, (Accepted for ' 
publication in 'British Journal of Anaesthesia') [See 
Appendix 2] ; "Auditory Evoked Potential Index : A 
Quantitative Measure of changes in Auditory Evoked 
Potentials during General Anaesthesia" H. Mantzaridis 
and G.N.C. Kenny, (Accepted for publication in 
'Anaesthesia') [See Appendix 31. 
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SUMMARY 

We studied the effects of hypothermia and cardiopulmonary bypass (CPB) on four 
depth of anaesthesia monitors: spectral edge frequency (SEF), median frequency 
(MR Bispectrai index (BIS) and Auditory Evoked Potential Index {AEPindex.} in 
twelve patients during uneventful card,ac anaesthesia. Each variable was recorded 
simultaneously at 10 periods during anaesthesia. All four variables were no; affected 
by the transition to CPB. During hypothermia, values of AEPindex, MF and SEF 
were tightly distributed out values of BIS were very variable and overlapped with 
ihose before induction of anaesthesia. The variability decreased during rewarming. 
The values of AEPindex throughout the anaesthesia never overlapped with those 
before induction of anaesthesia. The AEPindex was the most stable and reliable as a 
depth of anaesthesia monitor among the four variables in cardiac bypass surgery. 

Key words; Auditory Evoked Potential Index. Auditory evoked potential. Bispectrai 
Index. Median frequency. 95% Spectral edge frequency. Cardiopulmonary bypass, 
hypothermia 
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INTRODUCTION 

Awareness is a particular problem in cardiac anaesthesia with cardiopulmonary 
bypass (CPB). Electrophysiological methods are possible candidates to quantity depth 
of anaesthesia and to detect awareness during anaesthesia. For clinical purpose, the 
electrophysiological activity should be provided continually in a format that can be 
easily evaluated, for example a Single numerical value. When electrophysiological 
methods are used as an intraoperative monitoring toot during hypothermia, 
temperature-dependent effects must be clearly defined [1 ]. 

Several investigations have shown that derivatives of surface electroencephalogram 
reflected the depth of anaesthesia. Among them, spectral edge frequency 
(SEF)[2].[3) t [4),(5) and median frequency {MF)(5).[6j have been studied as the single 
numerical parameter. Although temperature dependent changes of SEF (7), (8J, [9] 
and MF [9] have been studied, their results were inconsistent and there was no study 
under anaesthesia with propofoi and aifemanii. Recently bispectral analysis of EEC 
has provided a new variable, the Bispectrai Index (BIS). Although BIS has been 
shown to detect consciousness [10j[I II and to predict movement in response to 
surf cry [121(13], effects of CPB or hypotherrmaon the BIS have not been reported.' 

Auditory evoked potentials (AEP) is another possible monitor of the depth of 
anaesthesia. Middle latency auditory evoked potential (MLAEP) has been reported to 
correlate well with anaesthetic depth 114) and to be able io demonstrate potential 
awareness ( I5j.(16). However, the MLAEP are usually obtained intermittently and the 
veforms are difficult to use in the clinical situation. More recently, the Auditorv 
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Evoked Potential Index (AEPIndex; formerly know, as the Level of Arousal Score) 
was derived from AEP and has been proposed as a single numerical value for 
anaesthetic depth monitoring [!?].{ 1 8^1 91.(20). The AEPIndex reflects the 
morphology of AEP waveforms and is calculated from the amplitude difference 
between successive segments of the curve [ 19],(20]. Although Heft and the colleagues 
[21] reported the effect of hypothec and CPB on AEP. changes of AEPIndex 
during cardiac anaesthesia have not been reported. 

We simultaneously recoraed the four variables: AEPIndex. BIS. SEP and MF. from 
patterns undergoing uneventful card.ac hypass surgery. The , im of te 
a m ^ investigate, rfr ,ff>^ of hvpoth ffmin and CPB on fh„ r 
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METHODS 



Approval of the Ethics Committee and informed consent tor the study were obtained 
from 12 patients. The patients' demographics are shown in tabic I. 

Anaesthetic management 

All patients were predicated with temazepam 30 mg. ranitidine 150 mg and 
metoclopramidelO mg. given orally 2 hours before induction of anaesthesia. 
Anaesthesia was induced and maintained with target controlled infuses of propofol 
[22] and alfemami [23]. B e target controlled mfmion ^tern far nrnnntni 
operate^ bv a three compartment Pharma cokinetic mode! -nip ntw The targel 
concentrations that were set at each period during anaesthesia are shown in figure \. 
Pancuronium was used to provide neuromuscular block. Monitoring during surgery 
included invasive arterial pressure. ECG, pulse oximetry, centra; venous pressure, and 
nasopharyngeal and oesophageal temperatures. 

Management of extracorporeal circulation and hypothermia 

The bypass circuit was of standard construction; we used a membrane oxygenator and 
arterial line filter. The circuit was primed with 1.6 litres of Ringer's lactate solution. 
The flow rate was set at 2 4 L min * m- ! during cooling and was increased during 
revvarrmng to maintain venous btood haemoglobin oxygen saturation above 70 %. 
Changes of nasopharyngeal temperature during anaesthesia are shown in fiaure 2. 



Surface EEG Analyses 
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The EEC was obtamed from tour disposable silver-silver chloride electrodes (Zipprcp, 
Aspect Medical Systems, MA, U.S.A.) placed on both sides of the outer malar bone 
(Ati and At2). F?z as the reference and Fpl as the ground. Impedance of the 
electrodes was confirmed to be less than 2000 ohm. The BIS, MF and 95% SEF were 
measured using an EEG monitor fA-1000. BIS 3.1 algorithm, rev. 3.12 software. 
Aspect Medical Systems. MA, U.S.A.). The BIS. MF and 93% SEF required at least 
30 s to be fully updated. The values were stored automatically on a microcomputer 
(T1950CT. Toshiba. Japan) at 5 s intervals. The EEG before induction of anaesthesia 
was obtained with the patient's eyes closed 

Auditory evoked potentials acquisition 

The AEP were obtained using a similar system to that described in our previous 
studies [15}[20] from three electrodes (Zipprep) placed on the right mastoid (+), 
middle forehead (-) and Fp2 as the reference. The amplifier was custom-built with a 5 
kV medical grade isolation, h had a common mode rejection ratio of 170 dB uuh 
balanced source impedance, input voltage noise of 0.3 uV (Id Hz - 1 kHz rmsj and 
current input noise of 4 p A (0.05 Hz - I kHz rms). A third-order Butterworth analogue 
band-pass filter with a bandwidth of 1-220 Hz was used. The clicks were 70 dB above 
the normal hearing threshold and had a duration of 1 ms. They were presented at a rate 
of 6.9 Hz to both ears. The amplilied EEG was sampled at 1773 Hz by a 12-bit 
analogue to digital converter (PCM-DAS08, Computer Boards foe MA. U.S.A.) ana 
was processed in real-time by the mtcrocomputer. AEP were produced by averagmg 
256 sweeps of 144 ms duration. The time required to have a full update of the signal 
was 36.3 s, but a moving time averaging technique allowed a taster response time to 
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any change in the signal AEP were obtained at 3 s intervals. The AEPIndex is a 
mathematical derivative reflecting morphology of the AEP. The value was calculated 
as the sum of the square root of the absolute difference between every two successive 
0.56 ms segment of the AEP waveform {19}. 

Data analyses 

Each variable was recorded simultaneously and averaged values for 15 seconds were 
obtained at 10 periods; before induction of anaesthesia, 5 minutes after induction. 5 
minutes before start of CPB. during C?B (5. 10. 20 and 30 minutes elapsed, and 5 
minutes before end of CPB). 5 and 30 mmutes after end of CPB. The value, of the 
four variables were analysed using the Kruskal-Wallis test with the Dunneti test, for 
evaluation of the effects of CPB on the four variables, the values of 5 minutes before 
and 5 minutes after start of CPB were analysed with Wikoxon s single rank sum test. 
p<0.05 was considered statistically significant The correlation between the four 
variables and nasopharyngeal temperature during cooling were also analysed with 
linear regression analysis. The values of the rbur variables were averaged for interval 
of 15 seconds and were sampled between one minute before start of CPB and the 
period when the nasopharyngeal temperature became minimum. 

RESULTS 

Anaeschesta was uneventful for all !2 patients. No patients had recall of intraoperative 
events. We did not observe sweating and tear formation in any patients. Anaesthesia 
related data are shown in table 2. Changes of arterial pressures and heart rate were 
shown in figures 3 and 4. 
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Changes of the four variables during anaesthesia 

Changes of the four variables at the ten penods during anaesthesia are shown in 
figures 5 and 6. Following induction of anaesthesia, all four variables decreased but 
only the AEPIndex was significantly different between before and 5 mmmes after 
induction of anaesthesia. The values ofAEPIndex and BIS before and after CPB were 
completely separated from those before induction of anaesthesia without any 
overlapping but the values of SEF and MF were not. The values of the four variables 
were not different between before and after the start of CPB. During CPB, the values 
ofAEPIndex. MF and SEF were tightly distnbured. The values of SEF at 20 mtnutes 
and 30 mtnutes after the start of CPB, and that of AEPIndex at 30 minutes after start 
of CPB were smaller than those at 5 minutes before CPB. The values of BIS were 
very variable among the patterns during CPB, especially during hypothermia and 
overlapped with those before induction of anaesthesia. When the value of BIS were 
above SO dunng hypothermia, the raw EEC demonstrated burst and suppress.cn 
partem. The variability decreased during rewarming. The values of AEPlndtx 
^ throughout the anaesthesia never overlapped with those before induction of 
anaesthesia. 

Correlation between the four variables and nasopharyngeal temperature during 
cooling 

During the cooling phase of CPB. the values of AEPIndex. BIS and SEF sfightlv 
decreased with decreasing nasopharyngeal temperature (Figures 7- 10). The correlation 
coefficient was the largest m SEF. Although AEPIndex and SEF were ttghtiy 
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debuted between 36 and 27 «C, *e values of BIS were widely spread below 32 *C 
(Figure 8). The values of MF were widely spread above 31 °C, but were tightly 
distributed below 31 »C. Although the correlation was weak, tkc values of MF s i ightly 
increased with decreasing nasopl.aryr.geai temperature. 
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DISCUSSION 

Nnpk^c changes «„ 3 hypoltemk M ctocK , sed fcy 

«*, PO^M and decreased mpUnKte ^ increMd duraion of aaiM ^ 

.*iuc„o„ or mt condllcliOT ^ Md impajraKw of sympijc !rmsmssion 
*■«*. ^ „eu_ w Ktase p4] . ,„ mKm ^ m Kperjmemai 

— cooling ,o 33 *C My produce ceceW aimuloIory ^ „ ^ ^ 
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-tees (25,. A. *. M e. EEC specrra shift ,„ , he , a . lc!lvuy as we „ . „ ^ 
«**-. Funcona, suppress™ occlirs . Rmp<:ranires , c h fc ^^^^^ 
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anaesthetic agents. 

in ft. presen. ««, propofol a„ d alfcmnil are fc ^ ^ ^ 

' Wd Because propofo, has been reponed » 

suppress moAediv che AEP BIS P 7], SEF S 5) and MF [q in dosc depmde „, 
«o, chcn.es in panpo/o, bioed concennanon. espec,a (ly ,„ P ro,e ta „„ bWta 

_k. was manned widun . narrow ranne. ^ arge! ^ ^ ^ 
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— of ,he rndividnal absoiure predict raors) of !5 , p8J ^ 
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ro s« qlK s,nado„ of propofoi by , he CPa circui , „ ^ ^ 

propofc, may be decreased. and tero d iW on and hepann ad m i ni s,:a„on .ncrea.se 
•he prorein unbound fracnon of p^pofc, p 9) . a £ffiI k 5j e rsJskb ^ 
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dis crepancy between the tame and actual concentrati o ns of orooorni ^ ;« t :m.,.| r 
tp„prcdict the chants of free mmM ^r cntration at the effector vtr H„ri rr ^ 
CPB. 

Although thy larger blood concent™,^ - rt f pr onofoj at 5 mimnci ^ the 
CPBwer g .. ai , m ost same as tho^e pf 3 rp.^utes hc fore the s tart of CPB. ?he hl^ 
SSBSSOSatLon oLsmsM SUSbl ^ d ifferent between the two nerinH* To « r i» ^ 
DQSgjbte charge Of the nmnofol concentrat ions, the yaJues. of ail four va riables at S 
«esa fer the start g£ CPfi wer e g jm 0S t s ame a s t h ose of 5 min, rt ^ h^,> ^ ^ 
C PB. Thjs , yjggcgftfl &2£ <TB docs not affect the elect r ophysiologica l variables whgp, 
propofoj is jnfascd with &g "Oirtri W target comb ed infusion sv^m to n»in„ fl , 
(he blood concentration t p be stable 

The target aifemanii plasma concentration was set at high values before CPB and 
gradually decreased during and after CPB. However, this change of aifemanii plasma 
concentration should not affect the measurements because aifentanil has only slight 
effects on the electrophysiological variables [32]. 

Several studies [I2M13J reported that the BIS was much superior to former EEG 
derivatives to detect awareness and to predict movement induced by surgical 
stimulation during non cardiac anaesthesia. However, in (he present study, the BIS 
was distributed very widely during hypothermia whereas the other three variables 
were distributed more tightly. Evaluate all the patients wgre mmmsm 
throughout the anaesthesia because there was no rcsgjj or intraonerative gvgn& »n 
sweating and tear formation. We also believg the patients were deenjv anaeq^ ri^rf 
and were upcpnsqous when the BIS w.-n high durina hypothermia because the raw 
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He, and colleagues p„ rep0[tcd ta , lhe MLA£p ^ ^ ^ jf ^ ^ 
CPB wi* *c— d amputude of Pa and Nb and increased I„enc y of Pa and Nb. ,. 
1. present scudy. the va te of AEPfade* deceased linear* ^ , x coutina pte 
of CPB The* two r1ndltlg «. comparable ^ rach ote ^ ^ 

colleagues repoted the amphrude of Pa and No after CPB v«re ^ ttal !tase 
-fore CPB. ,ne ABPhdex in the stodv did „„, ^ „ fc ^ ^ 

This inooosis.a.c, ma, depend on me difference in anaesthetic methods used; ,he 
<-»< conrro, batons of P ro P „fo, and aifenrani, n oar study, and lnBfraitKm 
injecuon of f. nlttyl wjlh nimms ^ m ^ ^ 

in&siod dunng CPB. in H«tf$ study. The present study demonstrated that AEPtode* 
markedly decreased after induction of anaesthesia and the vaioes were debuted 

* bCi ° W 40 ™ Mfn 

A glpde. oopld provide r . )w M e inform,,,^ ,„ . . , |jjlUL __ J _ 

MtiMM. The AEPtr.de, of below 40 cooid be comndered as reflecting 
adequate anaesthesia regardless of body temperature. 

>n previous studies. th, relattonships between SEP and body temperature wore not 
consistent. Ross and colleagues (7, ^ , ta „, 5EF M ^ ^ 

nasopharyngeal tempemwra during cooling lvilh ^ ^ ^ 
—Ma On the contrary. Lew «d ooHeagucs [., did no. find any temperature 
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dependent change, of SEF during rcwarming with fentanyi, halothane or isofiurane 
anaesthesia. Bashein and colleagues [9] couid not find any general definition of the 
normal EEC response to hypothermia with fentanyL diazepam and enilunne 
anaesthesia, because of large inpatient vanabiluy. In the present study, SEF 
correlated well with nasopharyngeal temperature. The inconsistency among the four 
studies may depend on differences between the anaesthetic methods used. Although 
both SEF and MF were distributed tightly during hypothermia, their values before 
induction were spread widely and were not discriminated clearly from those during 
anaesthesia. This finding suggested that SEF and MF did not have adequate 
charactertst.es as a destrabie depth of anaesthesia monitor during cardiac anaesthesia. 
In conclusions, ail four variables were not affected by the transition to CPB During 
hypothermia AEPIndex, MF and SEF were tightly distributed but BIS was not. The 
AEPIndex was the most stable and reliable as a depth of anaesthesia monitor among 
She four variables in cardiac bypass surgery. 
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Changes of the target biood concentrations (mean ± SD. n - 12) of propofoi fOj and 
alfaiuuU (■) at nine periods during anaesthesia; 5 minutes after induction. 5 minutes 
before start of CPB, dunng CPB (5. f 0. 20 and 30 m.nutes elapsed, and 5 minutes 
before end of CPB), 5 and 30 minutes after end of CPB. 

Figure 2 

Changes of nasopharyngeal temperature .mean * SD, n - ! 2) at nine periods dunng 
anaesthesia; 5 minutes after induction. 5 minutes before start of CPB, during CPS <5, 
10. 20 and 30 minutes elapsed, and 5 minutes before end of CPB), 5 and 30 minutes 
after end of CPB. 



mean 



Figure 3 

Changes of systolic (T) and diastolic l A) arterial pressures during anaesthesia. 
= SD, n - 12; before induction of anaesthesia. 5 minutes after induction, 5 minutes 
before start of CPB. during CPB (5. 50. 20 and 30 minutes eiapsed. and 5 minutes 
before end of CPB), 5 and 30 minutes after end of CPB. 



Figure 4 

Changes of heart rate (mean r SD. n - 12) at ten periods during anaesthesia; before 
induction of anaesthesia. 5 minutes after induction. 5 minutes before start of CPB. 
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Figure 6 

of anaestoa, 3 minutes after tnducticn> 5 ^ ^ ^ of ^ ^ ^ 
(5, 10. 20 and 30 enures elapsed, and 5 minutes before end of CPB). 5 and 30 

<he value before induction of anesthesia. * p<0.05 comparing with the value 5 
minutes before start of CPB. 

Figure ? 

The conation between nasopharyngeal temperate and AEPtadex during cooling. 
AEMndex - 0.713 Nasopharyngeal temperature + 4.488. r - 0.409 

Figure 3 

The correlation between nasopharyngeal temperature and BIS during cooling. 
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Figure 9 

The correlation between nasopharyngeal temperature and SEF during cooling. SEF - 
0.564 Nasopharyngeal temperature - 5.73 l,r = 0.683 

Figure 10 

The correlation between nasopharyngeal temperature and MF during coding. 
MF - -0.089 Nasopharyngeal temperature + 6.S59. r « 0 246 
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Running title: EEG analysis during conscious and unconscious states. 
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Summary 

We compared the auditory evoked potential (AEP) Index (a numerical index derived 
from the AEP), the 95% spectra! edge frequency (SEF) and median frequency (MF) 
and the bispectrai index (BIS) during alternating periods of consciousness and 
unconsciousness produced by target controlled infusions of propofol. Twelve patients 
undergoing hip or knee replacement under spinal anaesthesia were studied. During 
periods of consciousness and unconsciousness, respective mean (SD) values for the 
four measurements were: AEP Index of 60.8 (12 J) and 37 6 (6.5): BIS of 35.1 (8.2) 
.ad 66.8 (10.5); SEF of 24.2 (2.2) and 1S.7 (2.1), and MF of 10.9 (3.3) and 8 S (2.0). 
Threshold values with a specificity of 100% for a state of unconsciousness were: an 
AEP Index of 37 (sensitivity 52%), a BIS of 55 (sensitivity 15%) and a SEF of 16.0 
(sensitivity 9%). There was no recorded value of the MF that was 100% specific for 
unconsciousness. Of the four measurements, only the AEP Index demonstrated a 
significant difference (P < 0.05) between ail mean values one minute before recovery 
of consciousness and all mean values one minute after recovery of consciousness. Our 
fmdtngs suggest that of the four electrophysiologic variables, the AEP Index is best at 
distinguishing the transition from unconsciousness to consciousness. 



Key words; auditory evoked potential index, auditor, evoked potentials, bispectrai 
index, spectral edge frequency, median frequency, depth of anaesthesia, 
consciousness. 
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The abiiity to detect recovery of consciousness ftom , ^ rf ^ ^ 

essentia! anribute of a momtor of anesthetic dap*. 50 !tet aww ^ 
anaemia may be prevent. While an ideal method of assessment of anaesthet.c 
depth remains an elusive goal, it has been suggested that monitoring of auditorv 
evoked potennals (AEP)'' ; or bispecra, eleetroencephnlograpnic (EEC, analysis" 
may be more liable d,an other techniques. Recently the AEP ,nde* fforaKrly 
known a, the Cevel of Arousal Score, a mathematical derivauve which reflects AEP 
wavefonn morphology ,ha, is calculated from the amplitude difference between 
successive segmems of the AEP carve.' has beeo irrigated „ , raeMS „ 
assessment of anaesthetic depth.-"' The median frequeocy (MF) U " and the »i% 
spectra! edge frequency (SEE,- of the EEC power spectrum have aiso been 
investigated for assessing anaesthetic depth and have been incorporated into 
commercially available monitors for this purpose. 

In a recent study, our group observed that while the BIS and ,„ a lesser extent the SEE 
correlated well with predicted blood propofol concentrations dining recovery from 
anaesthesia, the AEP lode* was best at distinguishing consols from 
unconsciousness." Toe present study was theretore des.gned to investigate fanner the 
ahiitty of the AEP Index, the BIS. ihe SEE and the MP to identic awareness by the,r 
capacity to detect recovery of conscious. We assessed changes i„ lh ese 
eleetmphysiolngical measurement during alternaiing periods of unconscousness and 
consciousness, investigated the reproducbility of ihese changes in each patient and 
analysed the amount of Inter-patient variability 
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After obtaining Hospital Ethics Committee approval and informed consent. 12 
patients scheduled for orthopaedic surgery (hip or knee replacement) under spinal 
anaesthesia were included in the study. Two (2) male patients and 10 female patients 
wuh a mean (range) age of 73.8 (62-S2) yr and a mean (range) weight of 70.7 (55-84) 
kg completed the study. Patients with psychiatric or hearing abnormalities were 
excluded from the study. 

Ail patients were predicated with temazepam 50 mg given 2 hours before surgery . 
Spinal anaesthesta was established with either 3.0 - 3.5 ml of 0.5% or 3 ml of 0.75% 
plain bupivacame administered via a 26 G needle at the L 2-3 interspace. An epidural 
catheter was also inserted for administration of top-ups during surgery in prolonged 



After ensuring adequate regional anaesthesia for surgery, a target controlled infusion 
fTCI)" of propofoi was commenced and oxygen administered via a nasal sponge. One 
anaesthetist was responsible for standard monitoring of the patient and for 
manipulating the TCI propofoi to produce alternating periods of consciousness and 
unconsciousness. Two investigators were present in addition to the anaesthetist 
responsible for conducting the anaesthetic. One investigator observed the AEP 
system and the EEC monitor, and recorded the timing or events such as the onset of 
unconsciousness and consciousness. At mtervais of 30 s. the second investigator 
established the presence or absence of an eyelash reflex and the patient's response to a 
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verbal to Sq „ee*e „ M favKtiswot , s ^ ^ from 

consciousness B noxiousness was « ned . lhe pol „, „ wWch te of ^ 
» the verba, co™^ occurred, and mmi of lWs respo „ se w coraidered 
transition from unconsciousness to consciousness. 

AUDITORY EVOKED POTENTIAL MONITORING 

Auditory evoked potential were mouitored „ descrihaj ,„ Mr ^ ^ ,„ 
The EEO was obtatned from , tae disposab , c ^ 

^ AW ^ «>— ■ USA > "laced o. *. m mastoid W, middle 
fureneod „ and F?! us the reference. m ^ ^ g . ^ ^ 

*** ' i0t "'° n - C ™ ra ™ Md " — °f "0 dB with bataccd source 

impedance. ,„pu, voitage „o,se of 0.3 pV and current mpu, no.se of 4 pA (0.05 Hz - , 
kHz n»). A thtrd-order Butterwortn aaUogue band-pass fflw with a bandwidth of I . 
:20 Hz was used. The auditory clicks were of I ms dumtton and 70 dB above the 
normal hearing theshoid. They ware presented ,o the right car a, a rate of «., Hz. 
The amplifled EEO was sampicd a, a fluency of 177$ Ha by a high accuracy, low 
distort™ IM* analogue to digtta, converter tPCM-DASOS. Computer Boards Inc.. 
USA, and processed in real-time by a microcomputer fTI W0CT. Tusmba. Japan). 

The AEP were produced by average ,56 sweeps of Ha ms duration. The IinK 
retphred to have a M update of the ^ was 3M s. bu, a moving time averaging 
technique Clawed a faster response t,me to any change in the signal. Averaged curves 
were obtained at 3 s intervals. 
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The AEP Index, which refects the morphology of the AEP curves, allowed on-line 
analysis of the AEP. It fa calculated as the sum of .he square root of the absolute 
difference between every two successive 0.56 ms segments of the AEP waveform.' 
The AEP and other data were stored automatically on the microcomputer s hard disk 
every 3 seconds, enabling future retrieval for further analysis. 

EEG BfSPECTRAL AND POWER SPECTRAL ANALYSIS 
The EEG was obtained from four Zipprep electrodes placed on both sides of the outer 
maiar hone (At, and A h ) with Fpz as the reference and Fp ; as the ground. The EEG 
hispectrum. SEP and MF were monitored using a commercially available EEG 
monitor (A-1000, BfS 3.0 algonthm. rev. 0.4Q software. Aspect Medical Systems, 
USA). The update rate on the Bispectrai index monitor was set to 10 seconds with the 
hispectrai smoothing function switched off. Data from the A- 1000 EEG monitor were 
downloaded automatically and stored on the microcomputer every 5 seconds. 

Both monitoring systems (AEP and EEG) had sophisticated artcract rejection 
algorithms and the amplifiers of both also had medical grade isolation. Furthermore, 
me auditory clicks that produced the AEP generate signals 100 times smaller than the 
remainder of the EEG. Therefore, although the AEP and EEG were monitored 
simultaneously, there would have been no interference between the two systems that 
could have affected the results. 
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DATA ANALYSIS 

Periods of consciousness lnd unconsciousness extended between tn , „ rae 
of conscious^ (response ,„ verba, commend) end the ,ime when consciousness was 
lost (loss of response ,o verba! command). However, the periods from one mrnure 
before un.il on. m.nu,e after transitions from one state of conscousness to ,he next 
-re Eluded when conscious end unconscious values of each measurement wore 
analysed. The* periods w« „ cluded touse ^ |fc|y ^ ^ ^ 
represents of hoth conscousness and unconscious since 36.5 seconds were 
reared to obtatu a ft,,, update of the A=P index (and 30 s for the BIS, and patterns 
were also most Irkctv to be dnfttnu ,„ aD(i out of consciousness durtna these periods. 
Therefore, conscious values were considered to be those recorded dunntr periods from 
i minute after regaining consciousness until , minute before the next loss of 
consciousness (fig. „. Uncoracious ^ ^ ^ ^ ^ ^ 

1 minute after loss of consciousness unii, , mtnute before the next recovery of 
consciousness (fig. 1). 

To invest „e ability of the electrophysiologic voriabte to detect awareness, 
vaiues recorded , minute before recovery of conscousness w. re spared with 
values a. , minute after conscousness returned (fig. 1,. A „ m w . ^ ^ 
transitions from uoconsctousness to conscousness. Therefore, the firs, three 
transtttons were used to compare the ahiiitv of the different measurement systems to 
detect these transitions. 
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The mean, standard deviation (SD) and range of vahies of each measurement 
occurring during ail periods of consciousness and unconsciousness, were determined 
by analysing all conscious and unconscious values respectively, recorded over the 
course of the entire study. These measurements made during ail periods of 
unconsciousness and consciousness were used to determine threshold values with 
100% specificity and threshold values with approximately 85% sensitivity. Statistical 
analysis was with Mmitab 10.5 for Windows, using ANOVA with Tukey's test. P < 
0.05 was considered significant. 

All patients were interviewed on the day after surgery about their memory of 
intraoperative events. They were also questioned about their satisfaction with the 
auditory clicks and the technique of monitoring. 



The mean (range) duration of surgery was 74 (58-121) minutes. There was a mean 
(range) of 10 (6 - 20) periods of consciousness and unconsciousness. 

Auditory Evoked Potenua j Iq^v 

Table 1 shows the mean (range, of AEP Index. BIS, SEF and MF values recorded 
dunng all conscious or unconscious periods as defined above. Table 2 shows 
threshold values of the four measurements with 100% specificity and threshold values 
with close to 85% sensitivity for states of consciousness and unconsciousness. In 
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total, 4,823 unconscious and 2.055 conscious values of the AEP Index, and 2.885 
unconscious and U22 conscious values of the BIS, SEF and MF were analysed. A 
threshold value of the AEP Index of 37 had a specificity of 100% and a sensing of 
52% for a state of unconsciousness. A threshold value of 56 was 60% sensitive and 
100% specitk for consciousness. Figure 2 shows the mean (SD) AEP Index and BIS 
before and after the fin, 3 transitions from unconsciousness lo consciousness. Ail 
mean awake values 1 minute after return of consciousness were significantly higher 
than all mean unconscious values 1 mmutc before (/» < 0.05). AEP Index values 
during periods of consciousness were more variable than values during 
unconsciousness ( fig. 2, table 1). 

Bisoectrai forte*; 

Table 1 shows that, unlike the AEP Index, some BIS values during unconsciousness 
were higher than the mean value dunng consciousness, and some conscious values 
were also lower than the mean value during unconsciousness. A BIS of 55 had a 
specified of 100% but was only ,5% sensitive tor a state of unconsciousness iaW e 
^ 2). A very high value of 95 was required for 100% specificity tor consciousness and 
" was only 14% sensitive. Figure 2 shows the mean (SD) BIS at 1 minute before and 
after the first 3 trans.tions from unconsciousness to consciousness Unlike the AEP 
index, mean awake values 1 minute after return of consciousness uere not oil 
significantly different from mean unconscious values 1 minute before regaining 
consciousness (/> < 0.05). The BIS also contrasted with the AEP Index in that values 
recorded during unconscrousness demonstrated more inter-patient variability than 
values during periods of consciousness ( table I ). 
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Comparable ro the BIS but unlike the AEP Index, some SEF values during 
unconsciousness were higher than the mean value during consciousness, and some 
conscious values were lower than the man value during unconsciousness (table I). A 
SEF of 16.0 Hz had a specificity of 100% but only 9% sensitivity tor a state of 
unconsciousness (table 2). A value of 26.6 Hz was 100% specific but only 15% 
sensitive for consciousness. Figure 3 shows the mean (SD) SEF and MF at 1 minute 
before and after the first 3 transitions from unconsciousness to consciousness. Like 
the BIS but unlike the AEP Index, mean awake values of the SEF 1 minute after the 
return of consciousness were no. all significantly different from mean unconscious 
values 1 minute before regaining consciousness (P < 0.05). Similar to the AEP index 
but unlike the BIS. awake values of the SEF were generally more variable than values 
recorded during periods of unconsciousness (fig. 3). 

Median Freouertcv 

Similar to the BIS and the SEF. some values of the MF during unconsciousness were 
higher than the man value during consciousness, and some conscious values were 
lower than the mean value during unconsciousness (table 1). The lowest recorded 
awake value of the MF was lower than the minimum MF value during 
unconsciousness (table I ) so that a value of 1.4 Hz. which was never atiamed. would 
have been 100% specific for unconsciousness (tabic 2h A MF value of 13.8 Hz was 
!0C% specific but only 18% sensitive for consciousness. Figure 3 shows the mean 
(SO) MF at 1 minute before and after the first 3 transitions from unconsciousness to 
consciousness. Although mean awake values of the MF tended to be numerically 
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»— d. _ ^ durins uncomci0USMss al| _ cons£joiis ^ 

uncon.io. v*. „ ere not dil&reM . TiKre ^ ^ ^ ^ 

pa^u of MF va, ues dunng tah ^ ^ 

<* d. AEP to ^ fc SEF „„, * *. SB. «, v , riaWlity vvas sraa , er donng 
periods of consciousness {fig. i). 

* paden, Nad «B of any „ ^ ^ ^ rf fc 

earphone, and * auotory ciicks . AJ , ^ wm saijsM ^ ^ 

technique and were happy to hav? »}« < f -,™,- . t. - 

PP> nave .he same techmque ot monitoring for any future 

anaesthetic. 



Discussion 



though eo„ S , SI e„ ; c w s (mc ^ tocy Md fe _ d m 

evo^ potential (AEf , w occur „ a _ . ^ fc , 
. an** AEP ^ , n ml time md , 0 ^ dMngM jo ^ 
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intatation in the EEG and ray ta ^ for ^ ^ 
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also quantifies the phase coupling between component EEG frequencies * The 
Bispectrai Index (BIS), a numerical value derived from the EEG bispectrum, has been 
shown to possess characterise desirable in an anaesthetic depth monitor, such as the 
capacity to predict movement in response to surgery- and to detect consciousness^ 
when using a variety of anaesthetic drugs. 

The ability to distinguish consciousness from unconsciousness * an essential ieature 
of a monitor of depth of anaesthesia, and was the clinical end point used in this study, 
circumventing the problem of the absence of a universally accepted standard by which 
to compare such monitors under investigation. 

The assumption that awareness, and therefore consciousness, is indicated by a 
response to command has been made in previous studies,'- However, intraoperative 
awareness may occur without postoperative recall/' as occurred in all of our patients. 
Nevertheless, the prevents of the dreaded consequence of intraoperative awareness 
without amnesia, especially in the presence of inadequate analgesta. is one of the most 
.mponam functions of anaesthetic depth monitors. Amnesra for intraoperative events 
may have occurred in our patients because of the use of benzodiazepme 
premedication* or from general anaesthetic drugs. »» 

The present study demonstrated the potential of the AEP Index to detect recovery of 
consciousness. Of the four electrophysiologic variables studied, only the AEP Index 
demonstrated a significant dtiference iP < 0.05) between al! mean values one minute 
before recovery of consciousness and all mean values one minute after recovery of 
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consciousness ms . 2, The clear disfincfion tetwe „ conscious ^ oiKonscjous 

«— of *. aep was demoratrattd by , h8 te , ha u waj fc 

™asurern= nl i. tte praeM smdy ^ 1oto( remrded comdoM yate ^ ^ 

** "* m=an mKOraC ™ «"« - "*>« H*. unconscious ,„„, was lower 
than the mean conscious score. 



Seance when points , mtauM tefcre md afer fKovery of consdoMess 
compared, mis coold be expiated by ^ ?radU2i ^ ,„ ^ m ^ 
frequently occurs dufing OTngeC ee from anaesthesia- Values ^ , miaacf 
apart (S o,im. tt before and after recover,, wuW daerefore be mort ^ ^ ^ 
Ouner than po-fc. AEP to*, ^ which iTO suddm , y a ^ w . 
awatanng." figure 4, wh.cn is a graph of changes in AEP to and BIS for one of 
>he pa„en,s in the present smdy, demonstra.es this gradual increase ,„ BIS duriM fc 
fin, transition from unconsciousness . consciousness. ,„ contrast, .he AEP ,nde* 
increased sharply a. all three nansttions in this patient. 



The ME was leas, capable of distinguishing conscious from ttneonsciousnes, as 
ail mean conscious and unconscious vaiues were similar m each other (fig. 3). S.ud.es 
hy ScMM. and colleagues have suggested ,ha, ME values below ap P ro,,ma,e,v 5 
Hz indicate unconscousness and ,ha, values of M Hz indicate a factory depth of 
anaesthesia."- The difference between our findings and those of Sodden and 
co-nrters may he explained by differences ,„ methodology and hy tbe effects „ 
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i which lead to misinterpretation of the EEG power spectrum * 
in addition, there is possibly a iag between changes in MF and changes in anaesthetic 
concentration during recovery which couid explain the W values during conscious 
periods and higher unconscious values demonstrated in one of the patients in the 
present study (fig. 5). 



The already low frequency of awareness under anaesthesia of 0.1%/" 3nd the 
potentially disastrous consequences of its occurrence, suggest that we should be 
attempting to develop monitors that will almost guarantee us elimination by reliably 
detecting unconsc.ousness. Such a monitor should be capable of providing 
information that is specific for unconsciousness at a level of anaesthesia that is not 
excessive. A BfS value of 55 was 100% specific but only 15% .sensitive for 
unconsciousness (table 2). Additionally, a threshold value of 95 was necessary for 
100% specificity for consciousness, as there were very high values of the BIS 
recorded during periods of unconsciousness. These findings suggest -hat the BIS 
could not be used to direct anaesthetic administration to ensure unconsciousness 
without the risk of excessive anaesthesia. Values of the BIS which are specific for 
unconsciousness are not sensitive enough, and some adequately anaesthetised 
(clinically unconscious, patients have BSS values of fully awake subjects. 

A similar problem of excessive anaesthesia may occur if the SEF is used to ensure 
unconsciousness, as a value of 16.0 Hz was 100% specific but only 9% sensitive for 
unconsciousness. Very high SEF values were also recorded during unconsciousness 
so that a value of 26.6 Hz was necessary tor 100% specificity for consciousness. 
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In contra, an AEP Index of 37 was 100% specific tor unconsciousness, with a much 
greater level of sensitivity (52%) than corresponding SEF and BIS values. The* was 
also no problem of unconscious patients with a very high AEP Index, and a value of 
56 was 100% specific and 60% sensitive tor censaousncss. These findings suggest 
that it may be possible to aim for an AEP index value that ensures unconsciousness 
while avoiding excessive anaesthesia. 



The range of BIS values during periods of consciousness in the present study varied 
between 68 - 98. Other studtes have reported variable BIS values of around 50 - 85 at 
the time of recovery of cowcwuW*** FJaishon and colleagues* reported that 
no unconsciousness was observed when the BIS was greater than 70 and no 
consciousness occurred below 65. In contrast, no consciousness was observed in the 
present study below a score of 55. while 36% of BIS values during unconsciousness 
(1.048 out of 2413 values) were above 70. The wide variation in BIS values among 
these stuc'tes may be due to the use of different anaesthetic agents and to the different 
clinical end-pomis used to define consciousness. 

Other studies have reported differing results for SEF and MF durmg consciousness 
and unconsciousness. The median SEF was 20.4 Hz on recovery and 1 0. 1 Hz during 
anaesthesia in one of the studies in Schwildens series* compared to corresponding 
mean values of 24.2 R z 2nd 1S 7 Hz in the present study. However, there was large 
variability in SEF values in both studies. Arndt and colleagues reported that adequate 
anaesthesia couid be expected when the SEF ranged between M-16 Hz.* vVhiie a SEF 
of 16 Hz was 100% specific for unconsciousness in the present study (table 2). it was 



SUBSTITUTE SHEET (RULE 26) 



only 9% sensitive. Schwiiden and colleagues also reported that no response ro verba, 
command occurred below a MF of 5 Hz for a variety of drugs.- „ contrast, 
consciousness was present m the range 2 - 19 Hz in me present study and. while 5 Hz 
was 94% specific for unconsciousness, it was onty 7% sensitive. 

The present study demonstrated the potential of the AEP Index to detect recovery of 
consciousness rrom propofol anaesthesia. Unconsciousness due to different 
anaesthetic agents may produce dissimilar effects on the EEC"*- and on the 
SIS. 1 "'* although consistent changes have been demonstrated in MLAEP waves.2^" 
Further studies are therefore necessary to invest**, the ability of these 
measurements to detect recovery of consciousness from anaesthesia produced by 
different drugs. Another limitation of the present study was the lack of influence of 
surgical stimuli, effectively abolished by spmal anaesthesia, on the four 
measurements. Surgical stimulation is known to affect the EEC* and the AEP."-* 
However „ would be rnorallv and- ethically challenging to design a study i„ which 
consciousness was repeatedly induced >n the presence of a painrul surgical wound. 
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TABLE 1 Mean (range) values of the auditory evoked potentials (AEP) tndex, 
bispectral index (BIS), 95% spectral edge frequency (SEF) and median frequency 
(MF) during consciousness (consc) and unconsciousness (unconsc). 



Unconsc Consc 

AEP Index 37.6(21 - 55) 60.8 (38 - 98) 

BIS 66.8(40-94) 85.1 (56-98) 

SEF 13.7(12.5 -26.5) 24.2 (16.1 -29.1) 

MF 8.8 < 1.7 - i 3.7) 1 0.9 (1.5 - 18.9) 
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TABLE 2 Values of the »fa,y evoked p0MtW s fAEP) Index. bispecfra! iode* 
(BIS), 95% apecmd edge f requ e„c y (SEF) and media fluency (MF) with .00% 

unconsciousness. 



TI.resl.oid Sensitive (%} Specificiiy {* 



UNCONSCIOUS 



AEPlwka 3? s2 



CONSCIOUS 



J 00 

85 87 

{ > 100 
«6 83 



9 100 
S5 92 



1.4 o 
10.7 85 



56 60 
■« S? 



26.6 
21.9 

13.8 
7.9 



iOO 

55 



100 
85 
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Summary 

We described a novel index derived from the auditor/ evoked potential, the auditory evoked 
potential index, and we compared it with latencies and amplrtudes reiated to clinical s,gn S of 
consciousness and unconsciousness. Eleven patients, scheduled for total knee reoiacement 
under spinal anaesthesia, completed the study. The initial mean (SO) value of the auditory 
evoked potential index was 72.5 (11 2). During the first penod or' unconsciousness * 
decreased to 39.6 (6.9) and returned to 66 3 f 12 5) when patients regained consciousness. 
Thereafter, similar values were obtained whenever patients lost and regained 
consciousness. Latencies and amplitudes changed in a similar fashion. From all parameters 
stum* Na latencies had the greatest overlap oetween successive awake and asleep 
states. The auditory evoked potential index and Nb latencies had no overlap. The cons.stent 
changes demonstrated, suggest that the auditory evoked potential index could be used as a 
reliable indicator of potential awareness during propofoi anaesthes,a instead of latencies and 
amplitudes. 



KEY WORDS: Anaesthesia: Anaesthesia, cepth of; Anaesthesia, general; Anaesthesia, 
•ntravencus: Anaesthes.a, monitoring; Awareness. Evoked potentials. Evokec potentials, 
auditory; Digital signal processing. Propofoi. 
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Introduction 

It has been shown that changes in auditory evoked potential (ASP) amplitudes and latencies 
correlate well with depth of anaesthesia. These changes are similar for equipotent doses of 
enflurane halothane [2). isofiurane (3). etom.date [4]. Althesin [5] and propofol {6j 3 nd are 
partially reversed by surgical stimulation [7]. 

The main problem associated with the use of AEPs to measure depth of anaesthesia is the 
complexity of the required methodology. Typically, the raw EEG is divided into 1024-2043 
epochs of 80-150 ms. averaged and displayed on the computer screen. Amplitudes and 
latencies are measured manually off-iine. This is acceptable in audiologica! studies where 
the data acquisition and processing time can be extended almost indefinitely. In anaesthesia, 
though, it is inadequate, as the condition o? the patient changes much more rapidly and a 
faster update is required. Lower repetition numbers have been usea successfully to provide 
gooa quality signals [8-12]. However, reliable peak recognition still remains a problem. Even 
if this ecuid be performed automatically on-line, we would still be left with the probiem of 
determining which variaole reflects depth of anaesthesia best. What is needed is a ssngie 
numencal parameter extracted from the auditory evoked potentials, which provides an 
estimate of anaesthetic depth m a simple and reliable manner (deaiiy. this parameter snoulo 
be easy to extract, reliable, not computationally intensive and updated in short, ciintcally 
useful intervals. Some aspects of the probiem were discussed in an editorial by Sabs! and 
colleagues (13]. They suggested that the final index denved from evoked potentials would 
probably be a function of both latencies and ampiituoes 

A numerical index, based on the average 'double differential" of the AEP waveform /.-as 
proposed by the Northwick Park group (10,14]. However, no data are available to determine 
its value 
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Using a purpose-built system, we were able to record and process the raw EEG. acquire the 
AEP and extract an aucitory evened potential index {AEPidx) in real time. This tndex reflects 
iatenc.es and amplitudes of the AEP. as suggested by Sebel and colleagues. In this report, 
we attempted to compare the AEPidx wrth latenc.es and amplitudes and relate them to 
clinical signs of consciousness and unconsciousness. 

Patients and Methods 

We used data obtained dunng a previous study, whicn reported the results of changes , n 
AEP latenc.es [11 J. This study was approved by the Hospital Ethics Committee. Twelve 
patients wno gave their wntten informed consent underwent total knee replacement under 
spinal anaesthesia. 

The AEP was obtained by averaging 255 epochs of 144 ms duration using a puroose-built 
PC-based system. The AEP was filtered by a aigtfal 35-pomt low-pass finite .mpuise 
response (FIR) filter w.th a cut-off frequency of 87 Hz. It was then analysed using a 
proprietary algonthm wnich provided us with a single numerical value, reflecting both 
ampiitudes and frequencies of the AEP. the auditory evoked potential index. The AEP curves 
ana the trend of the AEPidx were displayed on the screen, as weil as saved on the hard disk 
for further study. 

The AEPidx is a mathematical oenvative reflecting the morphology of the AEP. It is 
calculated as the sum of the square root of the absolute difference between every two 
successive segments of the AEP waveform (12.15). 

Figure 1 shows a three-dimensional graph describing the relationsntp between amplitude 
and frequency of a sinusoidal signal and the corresponding AEPidx. 

Ounng ;he procedure, propofol was .mused until each patient just lost consciousness and 
then {he patient was allowed to recover. Th.s was receated several times. Figure 2 shews 
the display of the comouter screen during the procedure. The AEP (and the corresponding 
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AEPidx) was recorded continuously. As a result, we were able So obtain several awake and 
asieep AEP curves, from which we measured values of latency and amplitude off-line. These 
values were compared with their respective AEPidx. Statistical analysis was performed on 
an IBM-compatible computer with MtNITAB For Windows (vers.on 6.2). We used the Mann- 
Whitney test (two-sample WHcoxon rank Sum test). 

Results 

Eleven patients completed the study. The median numoer of cenods of unconsciousness 
during each procedure was 3 {range 1-6). 

We compared the previously reported latencies of peaks Na Fa and NO with the peak-to- 
peak amplitudes Na-Pa and Pa-Nb and the AEPtdx at a ooint 2 minutes after each transition 
from consciousness to unconsciousness or from unconsciousness to consciousness. These 
measurements are shown in Table 1 and Figure 3 

From Figure 3 it is fairly obvious that the AEPidx followed all changes in both amplitudes and 
latencies of the AEP consistently. Before the administration of any anaesthetic, the mean 
value of the AEPidx was 72.5. It decreased to 39.6 with the first transition from 
consciousness to unconsciousness and returned to a value slightly lower tnan the starting 
one wnen tne oatients became conscious again. Thereafter, ine same pastern was repeated 
whenever the patient lost and regained consciousness. 

All transitions from consciousness to unconsciousness produced statistically significant 
changes with the exceotion of some Na latencies (Table 1} We also compared all vanables 
in pairs during consciousness (Table 2) and unconsciousness (Table 35. 
Discussion 

At present. AEPs are analysed mostly in terms of amplitudes and latenc-es of the vanous 
peaks. Spectral analysis with the fast Fourier transformation (FFT) has also been used [16- 
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21). However, a single number, reflecting the morphotogy of the AEP. is highly desirable but 
not yet available. 

From a mathematical point of view, the problem can be defined as mapping a two- 
dimensional vector into a one-dimensional space. Since this is not possible, a data reduction 
technique, which extracts only the relevant features of the AEP. is required. 
We observed that when patients lost consciousness, the amplitudes of me AEP peaxs were 
reduced and tne.r latencies were increased. Those changes occurred almost simultaneously 
and in the same direction in all patterns Consequently, a measurement that would reflect 
those changes could be of value. 

The number of patients that had some overlap between the conscious and the anaesthetised 
values depends on the variable measured (Table 4) The AEPidx and the Nb latency were 
the best in this respect (no overlap) and the Na latency the worst (9 overlaps). This means 
that there was no patient who had an awake AEPidx lower than {or an awake Nb latency 
greater than) an unconscious value. Obviously, the more the overlap the less the certainty 
that the vanabie in question can differentiate between the conscious and the anaesthetised 
state. 

This is :n agreement with the findings of Thornton and colleagues [22] who found that the Nb 
latency was the best feature distinguishing the -three wave ' AEP pattern (indicative of light 
anaesthesia) from the "two wave" pattern, which corresponded to deeper levels. Nb 
latencies less than 44.5 ms were associated with a high inciaence of responses and with 
very light anaesthesia They concluded that the MLASPs reflect the chance cetween 
wakefulness and unconsciousness. However, they stated that further studies were needed 
:o develop pattern recognition techniques of the AEP and to allow on-line analysis if it were 
to provide a clinical indicator of awareness. 

The AEPidx has three main advantages over the conventional methods of descncing the 
AEP in terms of latencies and amplitudes: 
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« ft is easy to calculate. 

* The calculation can be performed tn real time. 

• It provides a single numerical variable that describes the underlying morphology of the 
AEP. 

it is interesting to note that the mean awake AEP.dx became progressively lower (Table 1) 
Although this did not reach statistical significance, it may indicate the residual sedative effect 
of propofol. 

The AEPidx is not perfect. It is affected by muscle and movement artefacts, diathermy and 
ether electneal theatre interference. However, these sources of potential error are eliminated 
oy the rigorous artefact rejection algorithms and the low-oass filtering to which the signals 
are subjected [11J. 

Conclusions 

The auditory evoked potential index is a single numencal parameter extracted from the AEP 
using a proprietary data compression algonthm. in the present study, it was shown to 
change according to the patients' state in a consistent and reproducible fashion. It has a 
ciear advantage over the Nb latency in the determination of awareness, since it can be 
extracted from the AEP in a rapid and reproducible fashion. More studies are required to 
evaluate its usefulness and. ultimately, determine whether it represents a true measure of 
depth of anaesthesia. 
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Start UNCON 1 CON 1 UNCON 2 CON 2 UNCON 3 CON 3 ' ' 
(n=11> ; n =1i) (n=i1» { n *10J (n*iO) m*8> ,'na8i 


AEPidx 


wean/i.a 39.6 66 8 39 7 65 3 am 
S0 11 2 6.9 12.5 5 4 8.9 2 4 95 
p=0.0001 p=0.0002 p=0.00C2 p-0 0002 0=0.0004 p=0 0003 


Na-Pa 


Mean 2.2 O S 18 0.9 I. a i"fj 19 
SO 0.4 0.4 0 4 0 4 0.6 0 4 0 4 

p=0.0QC1 o=0 0CQ9 o=0 0008 p=O0005 p=0.0049 c=0 0027 


Pa-Nb 
0»V) 


Mean! 8 0.7 15 0 8 1.7 0 7 16 
SO 0.7 0.4 0 4 0.2 0.6 0 3 0.8 

D=0 0002 p=G.0008 p=0.0012 p=O.Q021 p=0.0043 p*0 003 


Na (ms) 


Mean 20.0 22.5 21.3 23.2 21.7 23 1 21 3 
S0 1.4 2.0 14 15 t 2 1.7 14 
0=0.004 p-0.136 p«=0 016 p=0 035 0=0.095 p~0 065 


Pa (ms) 


Mean 31.7 39.3 33.5 39 2 33.6 3S 7 vj 3 
S0 1-0 2.1 1.2 2.7 2 4 3.6 3 3 
0=00001 0=0 0001 c=0 001 0=0 001 0=0 004 o=0 009 


No (ms) 


Mean 42.8 57 8 44 6 58 9 439 59.1 453 
SOV6 4 4 2 1 4 6 3 0 5.9 3 1 
0=0.0001 p=0.0Q01 p=0.00Cl p=0 0002 0=0 0004 o-O 0009 



1 Auditory evoked potential latencies and amplitudes and the AEPidx during 



successive transitions from consciousness (CON) to unconsciousness (UNCON) Mean, 
standard deviation (SO) and statistical significance (p) 







Stan 


CON 1 


CON 2 


AEPtdx 


CON 1 
CON 2 


0.3084 
0.1586 


0 8324 






CON 3 


0 0517 


03629 


0.5620 


Na-Pa (uV) 


CONi 
CON 2 
CON 3 


C0442 
0 0282 
0 1958 


Q9156 
0 3843 


0 3215 


Pa-Nb ( W V) 


CON 1 
CON 2 


0.3387 
08868 


0.4795 






CON 3 


04279 


0 8346 


0.6867 


Na (ms) 


CON 1 
CON 2 

CON 3 


00316 
00029 
0 0580 


0.5433 
1 000 


C51S2 


Pa (ms> 


CON t 
CON 2 


Q-om 

0 0248 


0.3432 






CON 3 


0.0793 


0.6464 


0 8936 


Nb (ms? 


CON 1 
CON 2 
CON 3 


00202 
0.1251 
00113 


0.6439 
0 132S 


00814 
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a 2 Statistical significance (p) of comparisons between conscious states for ail studied 
parameters. Underlined results indicate significant difference at the 95% fevei, 







UNCON 1 


UNCON 2 


AEPidx 


UNCON 2 


0.7234 






UNCON 3 


0.6467 


0.8932 


Na-Pa (nV) 


UNCON 2 


0.670O 






UNCON 3 


0 4785 


0.8233 


Pa-Nb friV) 


UNCON 2 


C.3756 






UNCON 3 


0 9011 


0.3947 


Na (ms> 


UNCON 2 


0.4348 






UNCON 3 


0.5888 


' 0 8930 


Pa (msi 


UNCON 2 


0.5702 






UNCON 3 


0.5607 


0.5029 


Nb (ms} 


UNCON 2 


1.0000 






UNCON 3 


0 7404 


0.8586 



Table 3 Statistical significance <p) of comparisons between unconscious states for ail studied 
A£P parameters. 



Overlap 
No overlap 



AEPidx Na-Pa iuV> Pa-Nfa (uV) 



Table 4 Number of patients m which the awake parameters overtapped with the asleep 
values. 
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Legends for figures 

Figure 1: Three-dimensional plot of the AEPidx against amplitude (10 ? V) and frequency 
(Hz). 

Figure 2: A typical AEPidx trace as displayed on the computer screen during surgery. Target 
blood propofct concentration is also shewn (black area at the bottom of the 
screen). A= unconscious. S= conscious. At point C, the propofol infusion was 
increased in steps until the patient iost consciousness again. At point D, the 
propofol target was set again to zero. 

Figure 3: Changes in AEP latencies and amplitudes and in the AEPidx during repeated 
periods of consciousness and unconsciousness (mean and standard deviation). 



SUBSTITUTE SHEET (RULE 26) 



W09S/14W1 



PCT/GB97/0I435 




SUBSTITUTE SHEET (RULE 26) 




SUBSTITUTE SHEET (RULE 26) 



WO 98^10701 



- 74 - 



PCT/GB»7«2435 




SUBSTITUTE SHEET (RULE 26) 



WO 98/10701 



- 75 - 



PCT/GB97/02435 




SUBSTITUTE SHEET (RULE 26) 



WO 98/10701 



PCT/GB97/02435 




SUBSTITUTE SHEET (RULE 26) 



WO 98/M70I 



- 77 - 



PCT/GB97/02435 




SUBSTITUTE SHEET (RULE 26) 



PCT/GB97/02435 



CLAIMS 

i- A method of calculating an index indicative of 
anaesthetic depth, the method comprising subjecting a 
patient to a repetitive audio stimulus, monitoring 
auditory evoked potentials (AEP) produced by the patient, 
and providing a signal corresponding to the coarseness of 
the monitored AEP signal, and using said signal as said 
index indicative of anaesthetic depth. 

2. A method as claimed in claim 1 wherein the monitored 
or raw AEP signal is divided into a series of sweeps or 
frames of a given duration, each sweep being synchronised 
with the repetitive audio stimulus. 

3 . A method as claimed in claim 2 wherein a number of 
sweeps n are recorded in sequence and are averaged to 
produce a time averaged sweep and for the time averaged 
sweep the anaesthesia index is calculated. 

4. A method as claimed in claim 3 wherein each time a 
new series of sweeps is recorded, a new time averaged 
sweep is determined from the most recent n sweeps and the 
anaesthesia index for that time averaged sweep 
calculated. 

5. A method as claimed in any preceding claim wherein 
the raw ASP signal is sampled at regular intervals to 
produce a digitised AEP signal. 

6. A method as claimed in any preceding claim wherein 
an indication of coarseness is obtained by measuring the 
differences between neighbouring sample points. 

7. A method as claimed in claim 6 wherein for a moving 
time averaged sweep this measure is a function of the sum 
of the square roots of the difference between every two 
adjacent sample points in the time averaged sweep. 

S. A method of maintaining closed-loop control of an 
anaesthesia depth, the method comprising supplying a 
dosage of anaesthetic to a patient, calculating an 
anaesthetic depth index according to the above first 
aspect of the present invention, and using the value of 
the anaesthetic depth index to regulate the anaesthetic 
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supply to maintain the anaesthesia depth index at or near 
a predetermined level. 

9. A system for calculating an index of anaesthetic 
depth, the system comprising a signal generator for 
subjecting a patient to a repetitive audio stimulus, 
electroencephalograph^ (EEGJ recording means for 
coupling to said patient for recording auditory evoked 
potential (AEP) signal from the patient, and computer 
means for receiving said AEP signal, and for processing 
said AEP signals and generating an index signal 
indicative of the coarseness of the recorded AEP signal, 
said index signal being representative of the depth of 
anaesthesia. 

10. An anaesthetic supply control system including a 
system for calculating an index of anaesthetic depth for 
a patient as claimed in claim 9 including anaesthetic 
supply means and a regulator for receiving said input 
signal, said regulator having received a predetermined 
anaesthetic depth index and said regulator comparing said 
index signal and said predetermined signal and providing 
a control signal to said anaesthetic supply means for 
regulating the supply of anaesthetic to the patient to 
maintain the anaesthetic depth index at a predetermined 
level . 
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